Introduction
============

Strong selection pressures imposed by extreme environments and specialized niches can sometimes lead to independent evolution of similar morphological and/or physiological traits in different lineages (i.e., convergent evolution; [@msaa068-B81]). Some striking examples are the evolution of antifreeze glycoproteins in Arctic cod and Antarctic notothenioid fishes ([@msaa068-B17]), increased hemoglobin-oxygen affinity in high-altitude dwelling birds ([@msaa068-B69]), and photosynthetic pathways that minimize photorespiration in hot and dry environments ([@msaa068-B41]). Organisms adapted to extreme environments are, therefore, especially interesting for studying one of the fundamental questions in evolutionary biology: To what degree does adaptation follow predictable genetic trajectories? Convergent traits do not necessarily result from similar genetic changes, and the prevalence of molecular convergence is still heavily debated ([@msaa068-B65]; [@msaa068-B20]; [@msaa068-B40]; [@msaa068-B10]; [@msaa068-B81]). Increasingly, molecular convergence is viewed as a quantitative continuum rather than a presence--absence pattern ([@msaa068-B10]). It may manifest at different levels of similarity, that is, 1) independently fixed nonsynonymous mutations at the same site, 2) positive selection acting on the same genes, or 3) positive selection acting on different genes that are part of the same functional pathway ([@msaa068-B81]). By disentangling the impacts of these different levels of molecular convergence, we gain a more comprehensive perspective on the genomic landscape of adaptation.

In this study, we aim to identify sets of candidate genes for Arctic adaptations and search for signatures of codon, gene, and pathway convergence in plants that have adapted to live in some of the harshest terrestrial environments on Earth. The Arctic is characterized by very low year-round temperatures (average temperature of the warmest month ≤10 °C) as well as major annual and minor diurnal fluctuations in light regime ([@msaa068-B8]; [@msaa068-B71]; [@msaa068-B25]). Arctic plants must therefore withstand a number of stresses directly or indirectly linked to highly fluctuating light and temperature conditions. Although there is considerable climatic variation within the Arctic, the combination of these abiotic stresses is overall more extreme relative to lower latitude environments from which most Arctic lineages are derived (see, e.g., [@msaa068-B1] on the origin of the Arctic flora). Here, we classify major Arctic stresses into five categories that we will focus on throughout the study: 1) protein misfolding and membrane stress, 2) physiological cold stress, 3) ice and snow stress, 4) light stress, and 5) oxidative stress. Low temperatures can affect nearly all aspects of plant cell biochemistry and metabolism, including the physical properties of cell membranes and proteins (categories 1 and 2; [@msaa068-B39]). Snowfall and ice formation can occur year-round, and Arctic soils are characterized by permafrost, with all soil 20--100 cm below the surface permanently frozen ([@msaa068-B8]). The effects of such ice and snow stress (category 3) can manifest in many ways. It may, for example, cause mechanical stress and cellular rupture, and ice formation in extracellular spaces will draw water out of cells and increase solute concentration in the cytoplasm, leading to cellular dehydration stress ([@msaa068-B102]; [@msaa068-B61]; [@msaa068-B103]). The Arctic light environment is enriched in far-red and blue light, and at the highest latitudes in the Arctic, the period of midnight sun lasts the entire growing season ([@msaa068-B83]). The actual period available for reproduction, growth, and development can also be extremely short (e.g., ∼1 month in Arctic polar deserts; [@msaa068-B50]). The Arctic *light stress* (category 4) might therefore be especially challenging for plants, as photoperiod and spectral composition are important cues for, for example, development, reproduction, and the onset of dormancy ([@msaa068-B19]; [@msaa068-B48]; [@msaa068-B73]). Finally, the combined effects of high light intensity and low temperature can lead to increased *oxidative stress* (category 5; [@msaa068-B39]; [@msaa068-B67]). This comes in addition to the increased accumulation of reactive oxygen species (ROS) within the cells due to many of the above-mentioned abiotic stresses (accumulation of ROS is a common stress response in plants; [@msaa068-B56]). These five categories of stresses will serve as a framework for discussing molecular convergence in plant adaptation to the Arctic environment.

Arctic plants exhibit a range of similar morphological and physiological adaptations to cope with these five stress categories ([@msaa068-B16]; [@msaa068-B67]; [@msaa068-B51]). Many Arctic plants are small, herbaceous perennials that cling to the ground, often forming cushions or tussocks that minimize exposure to abrasive winds and low temperatures ([@msaa068-B8]). The leaves are often tough and leathery, and/or hairy ([@msaa068-B45]; [@msaa068-B4]), providing protection from desiccation, mechanical stress from ice and snow, and strong winds. Arctic plants have adapted their metabolism, growth, and reproduction to the low temperatures, and have for instance optimum photosynthesis rates at lower temperatures than other plants ([@msaa068-B16]). It is also likely that the Arctic photoperiod and spectral composition (such as the enrichment of far-red light and blue light) play important roles in plant growth and timing of development ([@msaa068-B71]; [@msaa068-B83]). It has been shown that some Arctic plants require a long critical day length for induction of flowering ([@msaa068-B100]; [@msaa068-B38]) and that changes in the red to far-red light ratio might be important for the onset of dormancy when there still is midnight sun in late summer ([@msaa068-B71]). We can also hypothesize that the plasma membrane plays an important role in plant adaptation to Arctic cold and freezing stress (cf., [@msaa068-B92]; [@msaa068-B59]). Many temperate plants will, for example, acclimate to low temperatures by changing the lipid composition of the plasma membrane to avoid membrane rigidification and rupture during cold stress ([@msaa068-B92]; [@msaa068-B102]; [@msaa068-B61]). Response to freezing stress involves many of the same molecular components as response to dehydration and high salinity ([@msaa068-B80]; [@msaa068-B6]; [@msaa068-B96]), and we could therefore also expect Arctic plants to be resistant against these stresses. Detailed studies of genes involved in plant cold response pathways have been conducted in temperate plants such as *Arabidopsis thaliana* ([@msaa068-B49]; [@msaa068-B62]; [@msaa068-B56]; [@msaa068-B93]), but little is known for Arctic plants. By comparing molecular evolution in plant lineages independently adapted to the Arctic, we can learn more about the general traits and genes that are important for plant survival at high latitudes.

The focus of our study is three plant species in the Brassicaceae that have their main distribution above the Arctic Circle. The Brassicaceae is an optimal study system with its many publicly available molecular resources ([@msaa068-B89]), and the family comprises several lineages that have independently colonized the Arctic ([@msaa068-B13]; [@msaa068-B53]; [@msaa068-B60]). The three selected species are *Cardamine bellidifolia*, *Cochlearia groenlandica*, and *Draba nivalis*, which all are diploid and represent three divergent clades that shared a common ancestor ∼30 Ma ([@msaa068-B26]; [@msaa068-B43]; [@msaa068-B36]; [fig. 1](#msaa068-F1){ref-type="fig"}). Their distributions cover the entire Arctic (even the coldest bioclimatic subzone called Arctic polar desert; [@msaa068-B25]; [@msaa068-B26]), and they are therefore suitable candidates for studying adaptations to stresses associated with limited heat budget and low sun angle. We generated new transcriptome data for each species and conducted comparative analyses with previously published transcriptome/genome data from several temperate relatives. To identify candidate genes for Arctic adaptations, we performed genome-wide tests of positive selection and searched for positively selected genes (PSGs) associated with the five categories of Arctic stresses outlined above. To identify patterns of molecular convergence, we identified convergent amino acid substitutions and compared PSG sets in terms of orthology and functional annotations. This enabled us to estimate molecular convergence among Arctic lineages at the level of codons (the number of genes with convergent substitutions), genes (the number of orthologous genes under positive selection), and functional pathways (the degree of similarity between functional profiles of the PSGs). However, when estimating convergent substitutions, it has proven important to account for random accumulation of convergent substitutions with increasing divergence (i.e., the expected background convergence; [@msaa068-B90]; [@msaa068-B105]). By estimating the relationship between convergent and divergent substitutions using species pairs in a phylogeny, we therefore tested whether Arctic lineage pairs exhibit an excess of convergence relative to neutral expectations ([@msaa068-B15]; [@msaa068-B90]). The aims of this study are to 1) identify sets of candidate genes for Arctic adaptations in *C. bellidifolia*, *D. nivalis* and *Co. groenlandica*, 2) search for evidence of convergent molecular evolution across codons, genes, and pathways, and 3) test for a signature of convergent evolution that exceeds neutral expectations between Arctic species pairs. We show that there is little evidence for convergence at the codon and gene level, but that all positively selected and convergent gene sets were enriched for genes associated with typical Arctic stresses. Thus, our results suggest that there are many genetic trajectories to Arctic adaptation, perhaps due to the multifaceted nature of stress response pathways in plants.

![Species trees used in the estimation of convergent and divergent substitutions (*A*), and in the branch-site tests of positive selection (*B*--*D*). Arctic focal species are indicated with a snow crystal, and non-Arctic comparisons are indicated with a sun. NO, Arctic genotype from Norway; US, Arctic genotype from the United States. Scale bars = substitutions/site. The topologies are in accordance with [@msaa068-B43].](msaa068f1){#msaa068-F1}

Results
=======

Final Data Set
--------------

We acquired genome-wide coding sequences from 15 species representing clades A, B, and C in the Brassicaceae ([fig. 1](#msaa068-F1){ref-type="fig"}, [supplementary tables S1--S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These included the three selected Arctic species, for which we generated RNA sequences for this study. In addition to already published genomes, the data set consisted of de novo transcriptome assemblies yielding 18,830--34,226 transcripts per assembly and containing 67.0--89.8% universal single-copy orthologs (complete/fragmented BUSCOs; [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Orthologous gene alignments were generated separately for the selection tests and for the estimation of convergent substitutions ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) and were based on gene subsets from 8,572 (clade A), 9,941 (clade B), and 8,705 (clade C) orthogroups (∼gene families) in the tests of positive selection and 6,325 orthogroups in the estimation of convergent substitutions.

Tests of Positive Selection
---------------------------

To detect genes that evolved under positive selection in the branches leading to the Arctic species, we ran branch-site tests separately for clades A, B, and C ([fig. 1*B*--*D*](#msaa068-F1){ref-type="fig"}; ∼12--13,000 orthologous gene alignments/clade; [supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We identified 360 PSGs in *D. nivalis*, 201 in *C. bellidifolia*, and 159 in *Co. groenlandica* ([table 1](#msaa068-T1){ref-type="table"}, [supplementary tables S4--S6](#sup1){ref-type="supplementary-material"} and [S7--S9, Supplementary Material](#sup1){ref-type="supplementary-material"} online). To identify genes that might be under positive selection in both Arctic and non-Arctic lineages (e.g., immunity genes) and to evaluate whether gene functional annotations exclusively were associated with the Arctic, we performed complementary analyses in three non-Arctic reference species ([fig. 1*B*--*D*](#msaa068-F1){ref-type="fig"}), resulting in 380 PSGs in *D. nemorosa*, 395 in *C. hirsuta*, and 350 in *Co. pyrenaica* ([table 1](#msaa068-T1){ref-type="table"}, [supplementary tables S10--S12](#sup1){ref-type="supplementary-material"} and [S13--S15, Supplementary Material](#sup1){ref-type="supplementary-material"} online).

###### 

Number of PSGs Found in the Branch-Site Tests, as well as Corresponding topGO Results.

  Species                     Lineage Tested   Alignments Retained for the Branch-Site Test   PSGs *P* \< 0.05   Enriched GO-terms[^a^](#tblfn1){ref-type="table-fn"}BP, CC, MF
  --------------------------- ---------------- ---------------------------------------------- ------------------ ----------------------------------------------------------------
  *Cardamine bellidifolia*    Arctic           11,874                                         201                274 (159), 38 (25), 57 (50)
  *Cochlearia groenlandica*   Arctic           13,306                                         159                198 (92), 28 (18), 34 (23)
  *Draba nivalis*             Arctic           13,891                                         360                359 (256), 54 (36), 87 (73)
  *Cardamine hirsuta*         Non-Arctic       11,874                                         395                268 (168), 105 (48), 72 (67)
  *Cochlearia pyrenaica*      Non-Arctic       13,305                                         350                217 (168), 52 (49), 77 (69)
  *Draba nemorosa*            Non-Arctic       13,881                                         380                298 (179), 22 (18), 67 (66)

Numbers of significant GO-terms (*P* \< 0.05) when applying the classic algorithm. Numbers of enriched GO-terms when applying the elim algorithm are given in brackets.

To identify candidate genes for Arctic adaptations, we manually reviewed the PSG annotations for documented associations with at least one of the five categories of Arctic stresses (i.e., gene ontology \[GO\] terms or publications indicating a mechanistic association with some physiological or biochemical aspect of the stress categories). We identified a total of 138 candidate genes spanning the five categories, of which 40 were found in *C. bellidifolia*, 31 in *Co. groenlandica*, and 67 in *D. nivalis* ([supplementary table S16](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In *C. bellidifolia* and *D. nivalis*, there were many candidate genes associated with *light stress*, for example, blue and far-red light response (like *FAR1*-related sequences found in both PSG sets, and *ZTL* found in *D. nivalis*), whereas many candidate genes in *D. nivalis* and *Co. groenlandica* were associated with *physiological cold stress* and *ice and snow stress* (e.g., *COR15b* and *CSDP1* in *D. nivalis*, and *SFR2* and *RAV1* in *Co. groenlandica*). All Arctic PSG sets contained one or more late embryogenesis abundant (*LEA*) genes, putatively associated with *physiological cold stress* and *ice and snow stress*. Heat shock protein-related genes (e.g., heat shock chaperonin-binding or containing heat shock protein domains), which are putative candidates for adaptation to *protein misfolding and membrane stress*, were especially common in the PSG sets of *D. nivalis* and *C. bellidifolia*. Examples of candidate genes from the *oxidative stress* category were *CAT1* and *CAT2*, important for controlling ROS (both found in the *D. nivalis* PSG set). The three Arctic sets contained many MYB and MYC type transcription factors, involved in abiotic stress-activated signal transduction pathways. We also generated a heatmap showing the proportion of PSGs associated with the five categories, demonstrating that all Arctic PSG sets included considerably more genes associated with *protein misfolding and membrane stress* and *ice and snow stress* than the non-Arctic reference species ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

To assess whether positive selection is acting on the same genes in the three Arctic species, we compared the PSG sets with respect to orthology. We did not find any orthologous genes under positive selection in all three species. Thirteen PSGs were orthologous in two of the Arctic species ([fig. 2](#msaa068-F2){ref-type="fig"}) and four of these were identified as PSGs in at least one non-Arctic reference species ([supplementary table S17](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Significance testing (the supertest; [@msaa068-B97]) indicated that the PSG intersections observed between any pair of Arctic species were not greater than expected by chance ([supplementary table S18](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Among the 13 PSGs orthologous between Arctic species pairs, we found seven candidates possibly associated with three categories of Arctic stresses: *protein misfolding and membrane stress* (three genes involved in endoplasmic reticulum morphology or protein folding; *ERMO3*, DNAJ heat shock N-terminal domain-containing protein, and prefoldin 2), *light stress* (two genes involved in photoautotrophic growth or auxin-regulated plant growth and development; *IAA16* and *PAC*), and *oxidative stress* (*PCR2* and *OGOX1*; [supplementary table S17](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![UpSet plot of orthologous, PSGs identified in Arctic species. The plot in the left corner shows total number of PSGs, and the main plot shows the number of unique PSGs, followed by PSG intersections/overlaps between species (connected dots).](msaa068f2){#msaa068-F2}

To assess whether positive selection has acted on different genes, but on similar functional pathways, we performed GO enrichment tests within the Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) domains for each of the three Arctic PSG sets ([table 1](#msaa068-T1){ref-type="table"}, [supplementary tables S19--S21](#sup1){ref-type="supplementary-material"} and [fig. S3](#sup1){ref-type="supplementary-material"}[*A*--*C*, Supplementary Material](https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa068#supplementary-data) online). We compared the sets of enriched GO-terms and used the results from the non-Arctic reference species to filter out terms unlikely to be associated with Arctic adaptation ([supplementary tables S22--S24](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). All Arctic PSG sets were enriched for genes associated with "response to stress" (BP, [fig. 3*A*](#msaa068-F3){ref-type="fig"}) and two sets for "response to abiotic stimulus" (BP, [fig. 3*B*](#msaa068-F3){ref-type="fig"}). The enriched "children" of these two terms (i.e., more specific terms nested under "response to stress" and "response to abiotic stimulus" in the GO hierarchy) varied somewhat among species ([fig. 4](#msaa068-F4){ref-type="fig"}), but included several potential associations with the five stress categories. All three Arctic PSG sets were significantly enriched for "response to salt stress," and the PSG sets of *D. nivalis* and *Co. groenlandica* were significantly enriched for "response to temperature stimulus," "response to cold," and "response to osmotic stress." *Draba nivalis* and *C. bellidifolia* shared an enrichment for "MAPK-cascade" and "response to oxidative stress." *Draba nivalis* stood out in being significantly enriched for a range of GO-terms associated with all five categories, including "response to light stimulus," "photoperiodism," and "response to misfolded protein." Notably, "plasma membrane" (CC domain) was significantly enriched in all Arctic PSG sets, but in none of the non-Arctic reference sets ([supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), and the related BP term "endomembrane system organization" was also significantly enriched in *D. nivalis* and *C. bellidifolia*. Thus, we found evidence both for positive selection on genes associated with abiotic stress in all three Arctic species and for considerable convergence in the functional pathways in which these genes might be involved.

![Number of PSGs annotated with (*A*) "response to stress" and (*B*) "response to abiotic stimulus" in the Arctic species. Expected numbers of genes (if randomly drawn) are indicated as hatched bars. Stars (\*) indicate that the GO-term was significantly enriched in the PSG set of this species when applying the classic algorithm in topGO (*P* \< 0.05).](msaa068f3){#msaa068-F3}

![Number of PSGs annotated with ten selected GO-terms in the Biological Process domain (BP). (*A*) *Draba nivalis*, (*B*) *Cardamine bellidifolia*, and (*C*) *Cochlearia groenlandica*. Expected numbers of genes (if randomly drawn) are indicated as hatched bars. An asterisk (\*) indicates that the GO-term was significantly enriched in the PSG set of this species when applying the classic algorithm in topGO (*P* \< 0.05).](msaa068f4){#msaa068-F4}

Convergent Amino Acid Substitutions
-----------------------------------

To estimate molecular convergence at the level of codons, we used Grand Convergence ([@msaa068-B76]; [@msaa068-B75]) to calculate posterior expected numbers of convergent and divergent substitutions for 7,765 gene alignments between pairs of Arctic and non-Arctic branches ([fig. 1*A*](#msaa068-F1){ref-type="fig"}). We identified 217 convergent genes between Arctic branch pairs (defined as containing at least one substitution with \>0.8 posterior probability (PP) of convergence; [table 2](#msaa068-T2){ref-type="table"}, [supplementary tables S25--S27](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The highest number of convergent genes (126) was observed between *D. nivalis* and *C. bellidifolia*, followed by *Co. groenlandica* and *C. bellidifolia* (58), and *D. nivalis* and *Co. groenlandica* (33, [fig. 5](#msaa068-F5){ref-type="fig"}, [table 2](#msaa068-T2){ref-type="table"}). For comparison, a total of 362 convergent genes were identified between pairs of the three non-Arctic reference species ([table 2](#msaa068-T2){ref-type="table"}, [supplementary tables S28--S30](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Only a single gene was identified as convergent in all three Arctic pairwise comparisons ([fig. 5](#msaa068-F5){ref-type="fig"}): *EMB2742*, involved in, for example, embryo development ending in seed dormancy ([supplementary table S31](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Three convergent genes were identified in both the *D. nivalis*--*C. bellidifolia* and the *C. bellidifolia*--*Co. groenlandica* branch pairs (*ORRM6*, *SK4*, and *MAPKKK14*), but only one of these had an apparent putative association with the five categories of stresses: *MAPKKK14*, belonging to a group of protein kinases involved in stress-induced signaling pathways, potentially involved in far-red light induced seedling deetiolation ([supplementary table S31](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![UpSet plot of convergent genes (CGs) identified between Arctic branch pairs (containing at least one substitution with \> 0.8 PP of convergence). The plot on the left shows total number of CGs, and the plot on the right shows the number of unique CGs, followed by CG intersections/overlaps between branch pairs (connected dots).](msaa068f5){#msaa068-F5}

###### 

Number of Convergent Genes (one result per orthogroup), as well as Corresponding topGO Results.

  Branches Compared \[7,765 alignments\]              Lineages Tested          No. of Convergent Genes (at least one site PP ≥ 0.80)[^a^](#tblfn2){ref-type="table-fn"}   Enriched GO-terms[^b^](#tblfn3){ref-type="table-fn"} (BP, CC, MF)
  --------------------------------------------------- ------------------------ ------------------------------------------------------------------------------------------ -------------------------------------------------------------------
  *Draba nivalis, Cardamine bellidifolia*             Arctic, Arctic           126                                                                                        258 (161), 39 (21), 90 (59)
  *Draba nivalis, Cochlearia groenlandica*            Arctic, Arctic           33                                                                                         149 (80), 19 (17), 26 (19)
  *Cardamine bellidifolia, Cochlearia groenlandica*   Arctic, Arctic           58                                                                                         144 (81), 38 (22), 41 (31)
  *Draba nemorosa, Cardamine hirsuta*                 Non-Arctic, Non-Arctic   181                                                                                        432 (253), 59 (41), 78 (64)
  *Draba nemorosa, Cochlearia pyrenaica*              Non-Arctic, Non-Arctic   109                                                                                        191 (127), 57 (37), 74 (51)
  *Cardamine hirsuta, Cochlearia pyrenaica*           Non-Arctic, Non-Arctic   72                                                                                         180 (105), 65 (36), 69 (51)

Reporting only one result per orthogroup.

Numbers of significant GO-terms (*P* \< 0.05) when applying the classic algorithm. Numbers of enriched GO-terms when applying the elim algorithm are given in brackets.

To test for an excess of convergent substitutions in Arctic species pairs, we summed the probabilities for divergent and convergent substitutions over all alignments in 50 branch pairs from [figure 1*A*](#msaa068-F1){ref-type="fig"}, using one (arbitrarily chosen) alignment per orthogroup. These included the three Arctic branch pairs, the three non-Arctic reference branch pairs, and 44 random nonsister branch pairs from the phylogeny ([supplementary table S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The number of convergent substitutions (*y*) could be predicted from the number of divergent substitutions (*x*) with the linear model *y* = (−18.9642) + 0.5807*x* with *R*^2^ = 0.84, indicating a strong linear relationship ([fig. 6](#msaa068-F6){ref-type="fig"}). Removing three outliers resulted in *y* = (−32.566) + 0.59324*x* with *R*^2^ = 0.91 ([supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online; outliers defined as falling outside 1.5σ, where σ is the standard deviation of the residual). None of the Arctic branch pairs could be categorized as outliers, and thus they did not show any sign of excess convergence.

![Posterior expected numbers of convergent and divergent substitutions between 50 branch pairs from the full species phylogeny ([fig. 1*A*](#msaa068-F1){ref-type="fig"}). Numbers are sums over all alignments. Dotted line, the regression line; dashed line, 95% prediction intervals; filled black circles, the three Arctic branch pair comparisons; open circles, the branch pairs of the non-Arctic reference species; filled gray circles, remaining branch pairs.](msaa068f6){#msaa068-F6}

Next, we identified convergent genes that had functional associations with the five categories of Arctic stresses and compared the functional profiles of the convergent gene sets. In addition to the genes that had convergent substitutions in more than two comparisons (*EMB2742*, *MAPKKK14, ORRM6*, and *SK4*; cf., above), we found candidates for Arctic adaptation in the individual convergent gene sets ([supplementary table S31](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Examples of the latter were *CRY2* (a blue light receptor mediating blue-light cotyledon expansion and flowering time), the cold and light responsive *KCS1* (encoding a condensing enzyme involved in the critical fatty acid elongation in wax biosynthesis), the cold and drought stress-activated *CAT2* (also found to be under positive selection in *D. nivalis* and possibly associated with *oxidative stress, physiological cold stress*, and *light stress*), *LSH4* (encoding a light-dependent short hypocotyls-like protein), and several genes possibly associated with *oxidative stress*, such as *GPX7* and *GCTF9*.

GO-term enrichment tests ([table 2](#msaa068-T2){ref-type="table"}, [supplementary tables S33--S35](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) showed that "CTP synthase activity" (MF) was significantly enriched in all three Arctic comparisons. This GO-term was only associated with *EMB2742* (see above), and there were several cases where only a few genes were associated with a significantly enriched GO-term (perhaps a statistical artifact for GO-terms with few annotations in the background). Several GO-terms possibly associated with Arctic stresses were significantly enriched in the convergent genes shared by two Arctic comparisons, and none of the non-Arctic comparisons ([supplementary tables S36--S38](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Examples are terms associated with general abiotic stress responses such as "positive regulation of abscisic acid-activated signaling pathway" (BP), "regulation of stomatal movement" (BP), and "calcium channel activity" (MF), and terms associated with protection of plant cells from oxidative stress (i.e., "glutathione peroxidase activity"; MF). We found several putative connections to the five Arctic stress categories in the individual convergent gene sets (i.e., GO-terms enriched in only one set); and interestingly, some of these terms also occurred in the functional profiles of the PSGs. Examples include "response to temperature stimulus," "cellular response to osmotic stress," "cellular response to salt stress," and GO-terms associated with light stress (e.g., "circadian regulation of calcium ion oscillation," "response to far red light," "response to blue light," "blue light photoreceptor activity," "cellular response to UV-B," "response to high light intensity," and "regulation of shade avoidance"). Thus, whereas we found limited evidence for convergence at the codon level in Arctic lineages, the convergent gene sets contained several putative candidate genes for Arctic adaptations.

Limited Overlap between PSG Sets and Convergent Gene Sets
---------------------------------------------------------

Because genes that have evolved under positive selection and contain convergent substitutions provide strong evidence for adaptive convergence at the level of codons, we investigated intersections of PSG sets and convergent gene sets. We found that none of the genes carrying convergent substitutions in Arctic branch pairs had evolved under positive selection in both species, and only 8--12% of the convergent genes likely experienced positive selection in one of the Arctic species ([supplementary tables S25--S27](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We also found that 9--16% of the convergent genes probably evolved under positive selection in non-Arctic species, possibly indicating that these represent rapidly evolving genes. Thus, we found limited evidence for positive selection being responsible for fixing convergent substitutions in Arctic lineages per se.

Discussion
==========

Our findings reveal that positive selection has been acting on different genes associated with similar functional pathways in the three Arctic species and that these pathways can be associated with abiotic stress types frequently encountered in the Arctic ([fig. 7](#msaa068-F7){ref-type="fig"}). However, there was little evidence for independently fixed mutations at the same sites and/or positive selection acting on the same genes. The three species might therefore have evolved similar suites of adaptations through distinct evolutionary pathways, implying that there can be many genetic trajectories for adaptation to the Arctic environment.

![Summary of putative molecular adaptations to five categories of Arctic stresses (inner black circle). The outer gray circle shows examples of enriched GO-terms (within the BP domain, unless indicated with CC or MF). The inner gray circle shows examples of candidate genes. Bold text indicates that the finding was made in more than one Arctic lineage. The results are based on PSG sets and convergent gene sets. \*DNAJ heat shock N-terminal domain-containing protein.](msaa068f7){#msaa068-F7}

Limited Evidence for Molecular Convergence in Arctic Brassicaceae: Comparisons and Causes
-----------------------------------------------------------------------------------------

Considering the growing body of literature showing that the genomic landscape of adaptation may involve a high degree of repeatability also at the level of substitutions and genes ([@msaa068-B20]; [@msaa068-B88]), an important question arises: Why do we primarily find molecular convergence at the level of pathways in Arctic Brassicaceae? The amount of molecular convergence reported here is considerably lower than that found in other studies ([@msaa068-B30]; [@msaa068-B42]; [@msaa068-B105]; [@msaa068-B23]). Notably, we found no orthologous genes under positive selection in all three Arctic species, and only 2% of all PSGs were found to be under positive selection in Arctic species pairs. None of these genes contained convergent substitutions, which implies that gene function could potentially have diverged rather than converged in the two lineages ([@msaa068-B20]). The numbers are lower than those found in a study reporting limited evidence for parallel molecular adaptation in four lineages of subterranean mammals ([@msaa068-B23]). In their study, [@msaa068-B23] found that 11% of all PSGs were under selection in more than one lineage, \<1% were under selection in three lineages, and none in all four lineages. Our methodology is similar to that of [@msaa068-B23], but the results may not be directly comparable as they represent quite different organismal groups and divergence times (∼90 Ma for subterranean mammals vs. ∼30 Ma for Arctic Brassicaceae; [@msaa068-B29]; [@msaa068-B43]). In plants, a comparable study has been conducted in three species of mangroves ([@msaa068-B105]). [@msaa068-B105] calculated the amount of nonneutral molecular convergence using only conserved sites and found that as many as ∼400 genes contained nonneutral convergent substitutions in at least two of three mangrove species (this was interpreted as a genome-wide pattern of convergent evolution; [@msaa068-B105]). In comparison, we found half as many genes with convergent substitutions in Arctic species pairs (∼200 genes) without distinguishing between nonneutral and neutral substitutions. [@msaa068-B105] may have identified more evidence for convergent evolution because they used whole genome data rather than transcriptomes, which are more likely to contain the complete set of genes for a given species, but they also limited their analyses to a subset of the sites and included fewer alignments. It is also possible that specific features of the Arctic environment make molecular convergence less likely, or that our conservative study design made it difficult to detect molecular convergence.

One reason why molecular convergence may be less likely in the Arctic is the vast opportunity space for adaptation. There are numerous potential evolutionary changes that could lead to increased fitness in the Arctic, because temperature and light affect nearly all aspects of plant cell biochemistry and metabolism ([@msaa068-B83]; [@msaa068-B39]). This implies that adaptive molecular convergence might be uncommon in Arctic plants solely due to the high number of possible evolutionary trajectories leading to better performance under low temperatures and specific light conditions. Furthermore, plants living in the Arctic need to cope with a wide range of abiotic stresses, and research on plant stress responses has shown considerable overlap in gene expression patterns between various stress stimuli ([@msaa068-B56]). This could imply that there is considerable evolutionary constraint on these pathways and/or that adaptation to the Arctic environment might have occurred by modifying different elements in a variety of general stress response pathways. Arctic plants may thus represent an interesting example of how general pathways may lead to the evolution of different solutions to similar environmental challenges. It is also possible that the low levels of molecular convergence we document in Arctic Brassicaceae could be due to different levels of preadaptation to cold and stressful environments in non-Arctic ancestral lineages. The major clades of the Brassicaceae radiated around the Eocene--Oligocene boundary (33.9 Ma), possibly in response to a cooler and drier environment ([@msaa068-B43]), and parts of the Arctic flora are likely derived from montane ancestors that migrated northwards as global temperatures dropped in the mid-Miocene and onwards ([@msaa068-B1]). The Arctic also spans a wide range of growing season lengths and summer temperatures ([@msaa068-B25]) and may be quite environmentally heterogeneous (see, e.g., [@msaa068-B50] on the heterogeneity of a High Arctic Archipelago). Although there are broad similarities in the selection pressures encountered by Arctic plants, the specific combination and strength of these pressures likely vary among different Arctic habitats. Such variation may lead to different evolutionary trade-offs and a reduced probability of molecular convergence. The three Arctic species examined here occur in the same range of bioclimatic subzones (ranging from extreme Arctic polar desert to Arctic shrub tundra; [@msaa068-B25]; [@msaa068-B26]), but they are often found in species-specific habitats. *Cochlearia groenlandica* grows, for example, along sea shores and on lush bird cliffs, *C. bellidifolia* on moist mineral soils and in snowbeds, and *D. nivalis* in well-drained habitats such as rocky outcrops, crevices, and rock ledges ([@msaa068-B4]). Nonetheless, our results provide evidence for considerable molecular convergence at the level of pathways, which means that the three lineages likely have experienced similar types of selection pressure. It is also possible that there may be other molecular mechanisms of Arctic adaptation that we were unable to detect. For example, convergent evolution in gene regulatory regions has been shown to be more prevalent than convergent evolution in protein-coding regions in the independent loss of flight in several lineages of paleognathous birds ([@msaa068-B82]). Future studies on molecular convergence in Arctic Brassicaceae should therefore include data on sequence evolution in regulatory regions and patterns of differential gene expression.

Conservative Estimates of Molecular Convergence
-----------------------------------------------

The choice of methods and study design makes our estimates of molecular convergence in Arctic Brassicaceae relatively conservative in four ways: First, the branch-site test of positive selection has proven to be relatively powerful and result in few false positives ([@msaa068-B110]; [@msaa068-B108]). Second, since the branch-site test can be sensitive to sequence and alignment errors ([@msaa068-B108]), we applied a stringent sequence and alignment filtering scheme that led to the removal of many alignments. This means that we may to some degree have underestimated the number of PSGs, as well as genes with convergent substitutions. Third, we included several species representatives from each of the three relevant clades in the Brassicaceae, because inappropriate taxonomic sampling can lead to overestimation of molecular convergence ([@msaa068-B91]). We also included two genotypes from different areas in the Arctic for each of our focal species, which narrowed our focus to evolutionary changes that were likely fixed at species level. Finally, because this study largely is based on transcriptome assemblies, the whole gene space was not recovered, and there might be genes that are only expressed in certain tissues or that require specific environmental cues to initiate expression which are not included in our data set. This could also contribute to relatively conservative estimates of molecular convergence. Once whole-genome sequences are available for these Arctic species and temperate relatives, it is possible that more convergent genes could be identified. Nonetheless, we expect signatures of adaptation to be present in genes that are constitutively expressed in these species, because Arctic plants experience relatively low temperatures and extreme light regimes year-round, and this was confirmed by the strong signal of Arctic adaptation in our analyses. It is therefore likely that our results provide a good, but conservative estimate of the amount of molecular convergence in protein-coding regions in these three lineages of Arctic Brassicaceae. Furthermore, the relationship between convergent and divergent substitutions should be relatively unaffected by the stringent filtering scheme, and we found no indication of excess convergence, consistent with our low estimates of molecular convergence.

A Functional Syndrome of Arctic Adaptation: A Hypothesis for Experimental Verification
--------------------------------------------------------------------------------------

In this study, we have presented some of the first genetic evidence for putative plant adaptations to the Arctic environment. We found signatures of positive selection and convergent substitutions in genes associated with general abiotic stress responses, such as the "MAPK-cascade," "calcium channel activity," "positive regulation of abscisic acid-activated pathway," and "regulation of stomatal movement" ([figs. 4](#msaa068-F4){ref-type="fig"} and [7](#msaa068-F7){ref-type="fig"}). Most abiotic stress responses are initiated with an increase in cytoplasmic calcium, and numerous abiotic stresses also activate MAPK-cascades ([@msaa068-B58]). The plant hormone abscisic acid similarly plays important roles in stress signaling ([@msaa068-B109]), and abscisic acid-level increase in response to both high light and during cold acclimation ([@msaa068-B39]; [@msaa068-B94]; [@msaa068-B32]). Finally, stomatal regulation plays an important role in plant responses to environmental changes, and plants will, for example, close their stomata in response to drought or cold stress ([@msaa068-B101]). It is likely that extreme abiotic stress directly and/or indirectly linked to the dramatic light and temperature conditions of the Arctic may have influenced the evolution of such general stress response pathways.

Our results also revealed more specific pathways and genes related to the five categories of Arctic stresses. Relevant to *protein misfolding and membrane stress* (category 1), we found strong support for the plasma membrane playing a vital role in adaptation to the Arctic environment (see [fig. 7](#msaa068-F7){ref-type="fig"} and [supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In cold-adapted organisms, the plasma membrane will often act as a semipermeable barrier that allows water to flow out of the cell in the presence of ice, while also preventing the spread of ice crystals within the cell ([@msaa068-B95]). The Arctic species also contained many heat shock-related proteins (Hsps/chaperones) under positive selection, which are involved in membrane stabilization and protein folding under normal and stressful cellular conditions ([@msaa068-B98]). Three genes under positive selection in more than one Arctic species were involved in protein folding and/or traffic, as well as endoplasmic reticulum morphology. These results highlight the important role that protein misfolding and the accumulation of misfolded proteins in the endoplasmic reticulum can play in cellular responses to the abiotic stresses, particularly cold stress, imposed by Arctic environments ([@msaa068-B112]).

Of relevance to *physiological cold stress* (category 2), we found that many cold-regulated genes are under positive selection and carry convergent substitutions in at least two Arctic species. Convergent substitutions were identified in *EMB2742* (Embryo defective 2742/CTP synthase family protein) in all Arctic branch pairs. This gene has been found to be upregulated during cold acclimation in *A. thaliana* ([@msaa068-B72]). In addition, all three Arctic species had one or more *LEA* genes under positive selection. These genes may be associated with *physiological cold stress*, as most *LEA* genes in *A. thaliana* contain abscisic acid response elements and/or low-temperature response elements in their promoters ([@msaa068-B46]). One of the *LEA* genes under positive selection in *D. nivalis* is the well-known cold-responsive *COR15b* (Cold Regulated 15b), which functions in stabilizing chloroplast membranes, and whose overexpression yields increased freezing tolerance in *A. thaliana* ([@msaa068-B70]). Our identification of *COR15b* as a candidate gene for Arctic adaptation is consistent with a previous study showing that *Draba* contains a lineage-specific *COR15* duplication and that the *COR15b* duplicate appears to be evolving under positive selection ([@msaa068-B111]). Other important cold-regulated genes include *CSDP1* (Cold Shock Domain Protein 1; *D. nivalis*) and *RAV1* (related to ABI2/VP1; *Co. groenlandica*). Cold shock domains are conserved nucleic acid-binding domains found in a variety of organisms, and overexpression of *CSDP1* in *A. thaliana* has been shown to be associated with delayed seed germination in stressful conditions ([@msaa068-B84]). The low-temperature induced transcription factor *RAV1* is involved in the regulation of plant growth under cold stress in *A. thaliana* and is known to exhibit circadian regulation ([@msaa068-B18]; [@msaa068-B89]).

Arctic plants are always at risk of experiencing *ice and snow stress* (category 3), and we found one candidate gene associated with "response to freezing" in *Co. groenlandica* (*SFR2*, sensitive to freezing 2) that plays a role in the protection of the chloroplast envelope against freezing injuries ([@msaa068-B31]). *Ice and snow stress* can also lead to loss of cellular water and increase solute concentration in the cytoplasm ([@msaa068-B102]; [@msaa068-B61]). In this way, the stress response pathways associated with freezing tolerance are partially homologous with those of dehydration and salt tolerance ([@msaa068-B6]), and thus the \>50 candidate genes functionally associated with salt stress and osmotic stress may also be connected to this stress category. Some of the previously mentioned LEA proteins are also known to be involved in protection from freezing damage ([@msaa068-B46]; [@msaa068-B22]). That Arctic Brassicaceae may be well adapted to ice stress is consistent with a recent study demonstrating high tolerance to ice encasement in other Arctic plants ([@msaa068-B9]).

Our results also highlight several putative molecular adaptations to the Arctic light regime (category 4; *light stress*). Many genes annotated with far-red or blue light response were found to be under positive selection or containing convergent substitutions in the Arctic species. Specifically, we identified convergent substitutions in Arctic branch pairs in the genes *MAPKKK14* (involved in far-red light induced change to photomorphogenesis in seedlings; [@msaa068-B55]) and *CRY2* (a blue light receptor involved in cotyledon expansion and flowering time; [@msaa068-B89]). We also found that *IAA16* and *PAC* (both involved in light-controlled growth and development; [@msaa068-B79]; [@msaa068-B89]) are under positive selection in two different Arctic species. The evolution of these genes may be connected to changes in day length and/or the enrichment of far-red and blue light with increasing latitude (cf., [@msaa068-B71]; [@msaa068-B83]). These genes can be interesting starting points for future experiments aimed at understanding plant adaptations to polar light climates.

Consistent with the fact that high irradiance in combination with low temperatures leads to excessive production of ROS (*oxidative stress*, category 5; [@msaa068-B47]; [@msaa068-B39]), we found that genes associated with oxidative stress were enriched in the PSG sets of *D. nivalis* and *C. bellidifolia*. Genes associated with "glutathione peroxidase activity" were also overrepresented among convergent genes in Arctic branch pairs, and these enzymes are involved in both cellular redox homeostasis and H~2~O~2~ detoxification. Their activity can be induced by a range of environmental stresses, including, for example, cold stress, drought, and UV-B light ([@msaa068-B7]). Some interesting candidate genes for adaptation to oxidative stress in Arctic environments include *PCR2* and *OGOX1* (both under positive selection in *C. bellidifolia* and *Co. groenlandica*) and two catalase genes under positive selection in *D. nivalis* (*CAT1* and *CAT2*). *CAT1* and *CAT2* are involved in controlling cellular redox homeostasis ([@msaa068-B24]). *CAT2* was also found to contain convergent substitutions in *Co. groenlandica* and *D. nivalis*. Intriguingly, *CAT2* is both cold and drought stress activated and involved in preventing oxidative stress under photorespiration, while also being conditioned by photoperiod ([@msaa068-B77]; [@msaa068-B89]).

To summarize, we found putative molecular adaptations to cold stress, freezing stress, oxidative stress, and the unique light regime of polar environments in all three Arctic species. We also found ample evidence that Arctic Brassicaceae possess adaptations associated with the plasma membrane and protein folding, a finding which is highly relevant for coping with typical Arctic stresses. Our results thus suggest that Arctic plants may have evolved similar ecological preferences and phenotypes, but through different genetic trajectories. This potential "functional syndrome" of Arctic adaptation will need experimental verification, and the hypothesized molecular adaptations suggested here can serve as a starting point for future studies.

Materials and Methods
=====================

Taxon Sampling, Transcriptome Assemblies, and Final Data Set
------------------------------------------------------------

We acquired genome-wide coding sequences from 15 species belonging to clades A, B, and C in the Brassicaceae, including the three Arctic focal species *C. bellidifolia*, *Co. groenlandica*, and *D. nivalis* ([fig. 1*A*](#msaa068-F1){ref-type="fig"}). RNA sequences for the three Arctic species were generated de novo for this study ([Supplementary Material](#sup1){ref-type="supplementary-material"} online, GenBank SRA ID: SRP240404 and BioProject ID: PRJNA599963), whereas data for the other 12 species were derived from published genomes or transcriptomes ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Because we were mainly interested in substitutions fixed at the species level, we included two genotypes from each focal species, representing two distant Arctic regions (NO/US, [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Seeds were harvested from field-collected plants and germinated in a growth chamber at the University of Oslo (cultivation conditions as specified by [@msaa068-B12]).

We downloaded RNA sequences from eight of the non-Arctic species ([supplementary tables S2 and S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Short-read data were selected and downloaded from NCBI (<https://www.ncbi.nlm.nih.gov/genbank/>) based on the following criteria: 1) The species should belong to the same genus or clade as one of the Arctic focal species in the phylogenies of [@msaa068-B43] and [@msaa068-B36], 2) the data should have been generated on an Illumina machine, and 3) the files should contain more than 11 M fragments in total. The raw RNA-seq reads were quality-checked with FastQC v.0.11.4 ([@msaa068-B5]) and assembled with Trinity v.2.4.0 ([@msaa068-B35]) using the integrated Trimmomatic option and a minimum assembled contig length of 300 bp. The transcript abundance in each assembly was estimated with kallisto v.0.43.0 ([@msaa068-B11]), and only the highest expressed isoform for each "trinity gene" was retained. We also acquired an early version of the now published transcriptome of the non-Arctic species *Co. pyrenaica* (for assembly details, see [@msaa068-B64]), which was filtered based on the longest isoform as we did not have access to the raw reads at the time. The following assembly processing was performed on all transcriptome assemblies: Chimeric transcripts, likely resulting from misassemblies, were filtered out according to the procedure of [@msaa068-B106], and coding regions within the isoform-filtered transcripts were predicted with TransDecoder v.3.0.0 ([@msaa068-B37]) using default settings. The final transcriptome quality was evaluated based on several metrics (see [Supplementary Material](#sup1){ref-type="supplementary-material"} online), including the number of complete and fragmented BUSCOs (BUSCO v.3.0.1, [@msaa068-B86]). The transcriptomic data were then combined with coding sequences derived from the already published genomes of three additional non-Arctic species (*A. thaliana*, *Arabis alpina*, and *C. hirsuta*; [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Sequences containing missing data or ambiguity characters were excluded, and the sequence sets of *Arabis alpina* and *C. hirsuta* were run through TransDecoder to ensure that they, for example, did not contain stop codons. The filtered Arctic transcriptome assemblies are available at [https://doi.org/10.5061/dryad.v41ns1rs0](10.5061/dryad.v41ns1rs0).

Orthogroup Inference and Alignment Generation
---------------------------------------------

Alignments were generated separately for the positive selection tests and for the calculation of posterior expected numbers of convergent and divergent substitutions. For the positive selection tests, we ran OrthoFinder v.1.1.8 ([@msaa068-B27]) separately for each of the three clades/groups illustrated in [figure 1*B*--*D*](#msaa068-F1){ref-type="fig"}. This was done in order to identify sets of genes descended from a single gene in the last common ancestor of the species (i.e., orthogroups; [@msaa068-B27]). These orthogroups were used as a basis for subsequent alignment construction. Due to the low number of single-copy orthogroups (not uncommon in plants), orthogroups that contained multiple gene copies/transcripts per species were divided into subsets based on smallest genetic distance. All orthogroups were aligned based on protein sequence using MAFFT v.7.300 ([@msaa068-B54]), genetic distances between the gene copies/transcripts were calculated as Kimura protein distances ([@msaa068-B57]), and one gene copy/transcript per species or accession was extracted based on the smallest genetic distance to the transcript of the Alaskan accession of either *C. bellidifolia*, *D. nivalis* or *Co. groenlandica*, depending on the clade in question. If there were more than one transcript from the Arctic accessions, a new subset was made for each such transcript. The resulting orthogroup subsets contained only one transcript per species/accession and were realigned with PRANK ([@msaa068-B66]) using GUIDANCE v2.02 ([@msaa068-B85]) with ten bootstraps. GUIDANCE allows assessment of alignment confidence and subsequent removal of unreliable aligned columns and sequences. Previous studies have shown that a phylogeny aware aligner such as PRANK in combination with alignment filtering with GUIDANCE improves positive selection inference on simulated data ([@msaa068-B52]; [@msaa068-B74]). All alignments with a sequence score \<0.6, as well as all columns scoring \<0.80, were removed from the data set. The three final alignment sets had an average length of 1,544--1,586 bp and contained on average 17.0--20.7% missing data, but sites containing alignment gaps were deleted within codeml (cleandata = 1).

For estimation of posterior expected numbers of convergent and divergent substitutions, we ran OrthoFinder v.2.3.1 ([@msaa068-B28]) for the total data set ([fig. 1*A*](#msaa068-F1){ref-type="fig"}). The resulting number of single-copy orthogroups was extremely small, and we therefore extracted subsets from multi-copy orthogroups as described above for the positive selection tests. For simplicity, we extracted subsets based on only one of the Arctic focal species, that is, we extracted one transcript per species/accession based on the smallest genetic distance to the transcripts of *D. nivalis* (arbitrarily chosen). The alignments were then generated as explained above (final average alignment length was 1,524 bp with an average of 25.8% missing data). Note that all alignments for both the positive selection tests and the calculation of posterior expected numbers of convergent and divergent substitutions contained all relevant species (cf., [fig. 1](#msaa068-F1){ref-type="fig"}).

The Branch-Site Test of Positive Selection
------------------------------------------

The branch-site test (model A; [@msaa068-B110]) implemented in codeml (PAML v.4.9d, [@msaa068-B107]) was used to test for positive selection on individual codons along the lineage leading to each of the Arctic species. In this test, an alternative model allowing positive selection on the foreground lineage (e.g., one of the Arctic lineages) is contrasted to a null-model that does not allow such positive selection using a likelihood-ratio test ([@msaa068-B110]). To limit the influence of missing data (a challenge when using transcriptomic data), we ran the tests separately for clades A, B, and C ([@msaa068-B43]; [fig. 1*B*--*D*](#msaa068-F1){ref-type="fig"}). However, the model species *A. thaliana* was included in all runs, and due to the low availability of high-quality transcriptomic data from clade C, we also included two species from clade B in the *Co. groenlandica* data set ([fig. 1*D*](#msaa068-F1){ref-type="fig"}). Codeml was run from four to six times per model with different initial parameter values, and the run with the highest likelihood score was used in subsequent analyses ([@msaa068-B104]). The likelihood-ratio tests were performed in R v.3.4.4 ([@msaa068-B78]) using extRemes ([@msaa068-B34]). The significance level was set to 0.05 with 1 degree of freedom. Phylogenetic trees (representing the three clades) used in the analyses were constructed using RAxML based on codon alignments of ∼2,000--4,000 single-copy genes ([@msaa068-B87]; see [fig. 1*B*--*D*](#msaa068-F1){ref-type="fig"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We also ran the branch-site test for each topology in [figure 1*B*--*D*](#msaa068-F1){ref-type="fig"} with a close non-Arctic relative (*C. hirsuta*, *Co. pyrenaica*, and *D. nemorosa*) as the foreground branch. This was done in order to filter out genes that always seem to be under positive selection and to gain a better understanding of which genes that actually could be tied to Arctic adaptation. The resulting sets of PSGs were compared between species in order to identify genes with convergent selection patterns. Genes were considered as being under convergent selection if the same *A. thaliana* ortholog was found to be under positive selection in two or more species. The significance of the gene intersections was then assessed with the supertest function in SuperExactTest v.1.0.7 ([@msaa068-B97]) and visualized with UpSetR 1.3.3 ([@msaa068-B21]).

Posterior Expected Numbers of Convergent and Divergent Substitutions
--------------------------------------------------------------------

We used Grand Convergence ([@msaa068-B76]; [@msaa068-B75]) to calculate the posterior expected numbers of convergent and divergent substitutions across all branch pairs in a super phylogeny generated with OrthoFinder v.2.3.1 ([@msaa068-B28]; [fig. 1*A*](#msaa068-F1){ref-type="fig"}). This was done to identify sets of convergent genes (i.e., genes containing at least one convergent substitution in Arctic species pairs) and to examine deviations from the expected relationship between convergent and divergent substitutions. We also estimated the number of convergent genes in the non-Arctic reference species. In Grand Convergence, a convergent substitution is defined as changes resulting in the same amino acid at the same site in two lineages, and divergent substitutions as changes resulting in different amino acids at the same site in two lineages (silent substitutions are not considered; [@msaa068-B15]). The program was run with branch length estimations from OrthoFinder, the Le Gascuel amino acid substitution model ([@msaa068-B63]), and all gaps and ambiguity characters excluded. Genes containing at least one convergent site with PP \>0.80 were considered as convergent, but since a gene/transcript potentially could be included in more than one alignment following our orthogroup subsetting procedure (see above), we only included unique TAIR IDs (i.e., *A. thaliana* orthologs) in our list of convergent genes. The resulting sets of convergent genes were compared with each other in the same way as the PSGs in order to identify genes that were shared between more than one Arctic branch pair.

To investigate the relationship between divergent and convergent substitutions in our data set, we chose one alignment per orthogroup and summed all pairwise convergent substitutions and all pairwise divergent substitutions over all alignments. Using the branch totals from 50 branch pairs, we performed a simple linear regression to investigate whether our data fitted a linear model as expected from other studies ([@msaa068-B15]; [@msaa068-B90]). The 50 branch pairs were mostly arbitrarily chosen, except that all pairwise combinations between the Arctic species and between the non-Arctic reference species were included (see [supplementary table S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for a complete list of the 50 branch pairs).

Gene Annotations and GO Enrichment Tests
----------------------------------------

The final sets of PSGs and convergent genes were annotated with DAVID v.6.8 ([@msaa068-B44]) based on the *A. thaliana* ortholog. We also tested for overrepresented GO-terms within the three domains: BP, CC and MF using a Fisher's exact test in combination with the "classic," "elim," and "weight" algorithms implemented in topGO v.2.32 of Bioconductor ([@msaa068-B33]; [@msaa068-B3]). The "classic" algorithm processes each term independently without taking the GO-hierarchy into account, the "elim" algorithm traverses the GO-graph bottom-up, discarding genes that have already been mapped to significant child terms, and the "weight" algorithm decides which GO-terms best describe the gene based on a weighting scheme that takes the enrichment scores of the neighboring GO-terms into account ([@msaa068-B3]). Simulations have shown that the "elim" and "weight" algorithms tend to be more conservative than the "classic" algorithm, and the creators of topGO recommend using "elim" for identifying important areas in the graph due to its simplicity ([@msaa068-B3]). The gene sets were annotated based on homology to *A. thaliana* using annotations from org.At.tair.db v.3.6 ([@msaa068-B14]), and *A. thaliana* was also used as the background gene universe in all gene set enrichment analyses. Although it could be considered less than ideal to apply the *A. thaliana* background in this type of analysis, it is likely to be more consistent than creating new backgrounds based on the annotation of de novo transcriptome assemblies for each species, because transcriptome assemblies represent a less complete sampling of gene space and are prone to varying degrees of sampling bias. We did not correct for multiple testing as we wanted to avoid being overly conservative, and because such corrections cannot directly be applied to the results of the "elim" and "weight" algorithms due to nonindependent testing (the topGO manual; [@msaa068-B2]). Enriched GO-terms that might be tied to Arctic adaptation were assessed based on literature, and the results from the non-Arctic species were used to filter out more general GO-terms that were enriched in all species (e.g., GO-terms related to immunity). Finally, we also generated a heatmap of the proportions of PSGs associated with the five categories of Arctic stresses, by using the number of genes annotated with a selection of these GO-terms. The annotations were identical to those used in the topGO analyses, and the heatmap was generated with gplots package v.3.0.1.1 in R ([@msaa068-B99]). (For a flow chart of the analysis pipeline, see [supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.)
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